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ABSTRACT 

23, 1956) 

This ar t ic le  describes an apparatus f o r  determining /94*  - 
t h e  dynamic modulus of e l a s t i c i t y  and t h e  angle of 

mechanical l o s ses  of rubber i n  the  20 - 300 cps frequency 

range and the  -20 - +150" C temperature range under 

deformation conditions of uniaxial contraction-extension. 

Three independent methods are employed. 'WTtChc1 

There are two methods f o r  determining t h e  mechanical impedance by means 

of an eiectrodyiiziz5c c ~ x ~ z e r t e r :  

and velocity" ( R e f *  1). A g a r a t u s  employing the  f i r s t  method may be very 

s b p l e  ( R e f .  2) (Ref. 3 ) ,  but they have several s i g n i f i c a n t  disadvantages over 

the r eac t ion  method and t h e  method of "force 

the  o thers :  (a) a sharp increase  i n  measurement e r r o r  when t h e  converter 

mobile system depar t s  from t h e  resonance frequency; (b) t he  inf luence  of 

electric lo s ses  i n  t h e  metallic sec t ions  of t he  converter on the  accuracy 

with which t h e  motion impedance is determined. Devices employing t h e  second 

method are more complex, and require two converters with an over-all  mobile 

system (a dual electrodynamic converter), bu t  they are s i g n i f i c a n t l y  f r e e  from 

t h e  disadvantages mentioned above. 

* Note: Numbers i n  t h e  margin ind ica te  pagination i n  the  o r i g i n a l  foreign 
t e x t .  



Marvin, F i tzgera ld ,  and Ferry (Ref. 4 )  developed a device f o r  dynamic 

tests of rubber; t h i s  device employed t h e  method of "force and velocity". 

They proposed a corresponding electric measuring system. 

authors subsequently (Ref. 5) g rea t ly  improved both t h e  converter and the  

measuring system, replacing t h e  inconvenient compensating device by an alter- 

nating-current bridge. 

The lat ter two 

This art icle describes t h i s  type of device; however, i n  operation it  is  

simpler and more convenient. 

Description of t h e  Device 

This device employs the  W-1 type of fac tory  "generator of mechanical 

vibrations".  

with t h e  mechanical u n i t s  f o r  fastening t h e  sample of rubber being studied, 

t h e  hea te r ,  and t h e  sample. 

driven c o i l  3 by an aluminum connecting rod 2. 
r -  1 

r a d i a l  constant magnetic f i e l d  of its magnetic system.\" The  c o i l s  are s u -  

pended by means of t e x t o l i t e  washers. Per iodic  ampl i f ica t ion  (iiiaxiimn ampli- 

tude of 500 g) is  transmitted through t h e  piunger 4 t o  the ss@e of rubber 

being s tudied  5. As a r e s u l t  of t h i s ,  t h e  sample - one s i d e  of which is 

fas tened  t o  t h e  mounting6-is subjected t o  deformation of un iax ia l  compression- 

extension. 

t h e  mounting 6 .  

by a welded support made of comer  i r o n  embedded i n  t h e  p r i n c i p a l  w a l l .  

c e r t a i n  ex ten t ,  t h i s  decreases the p a r a s a t i c  v ib ra t ions  of t h e  apparatus. 

Figure 1 shows a transverse c ross  sec t ion  of t h e  GMV, together 

The driving c o i l  1 is r i g i d l y  fastened t o  t h e  

Each c o i l  is  located i n  t h e  

The sample is  i n i t i a l l y  t ightened aga ins t  t h e  plunger by moving 

The GMV and t h e  mechanical u n i t s  of t h e  device are strengthened 

To a 

(1) A s  
as a good magnetic screen between the  c o i l s ,  which avoids t h e  necess i ty  of 
compensating f o r  t h e  mutual inductance e f f e c t ,  i n  con t r a s t  t o  (Ref. 1, 5). 

tests have shown, illr 2.E 1 s c c c d  zzzgnetir system serves simultaneously 

2 



Transverse 

i 

Figure 1 

Cross Section of t h e  Device 

1 - Driving c o i l ;  2 - Coupling rod; 3 - Driven cnil; 
4 - Plunger; 5 - Sample of material being studied; 
6 - Mounting; 7 - Housing; 8 - F i r s t  magnetic system; 
9 - Second magnetic system. 

I n  order t o  produce the  r e q u i s i t e  temperature, t h e  housing 7 w a s  used /95 
during t h e  measurements; t h e  working f l u i d  w a s  def lec ted  along t h i s  housing 

by an ultrathermostat .  The working f l u i d  w a s  e i t h e r  water o r  e t h y l  alcohol.  

When hea t ing  w a s  performed above 100°C, an electric oven w a s  employed. For 

cooling below - l O ° C ,  l i q u i d  nitrogen w a s  de l ivered  t o  t h e  housing by m e a n s  of 

a simple device. The sample temperature w a s  measured by a constantan-copper 

thermocouple wi th in  an accuracy of 0.5"C. The thermocouple w a s  usua l ly  placed 

on iht: u"-Git<cg ~ 5 t h  the  s a m ? l e .  A con t ro l  thermocouple placed i n s i d e  t h e  

sample made it  poss ib le  t o  determine t h a t  t he  d i f fe rence  between the  readings 

3 



of both thermocouples disappeared a f t e r  20 minutes a t  t h e  given temperature. 

Electric Measuring; System 

I n  cont ras t  t o  (Ref. 5),  t h i s  device employs a more convenient system of 

an a l t e r n a t i n g  cur ren t  bridge (Figure 21, thus providing a separa te  reading of 

t he  real and imaginary p a r t  of t h e  e l e c t r i c  impedance of t h e  dr iven  c o i l  b, 
as can be seen from t h e  equations of balance f o r  t he  bridge: 

H, = Can&, . and L, = CaRsR,, 

i n  which t h e  product C3R2 w a s  chosen as constant. 

of balance do not depend on frequency, and t h e  computational s impl i c i ty  which 

t h i s  e n t a i l s  , grea t ly  s impl i f i e s  t e s t s  i n  series. 

The f a c t  t h a t  t h e  equations 

The bridge is connected i n  p a r a l l e l  t o  a c i r c u i t  cons is t ing  of purely 

ohmic resistance RA which is  switched on i n  series with t h e  dr iv ing  c o i l  Z f .  

An osc i l lograph  serves as a balance ind ica to r .  

t i ngu i sh  t h e  use fu l  s i g n a l  from the  background caused by the  p a r a s i t e  v ib ra t ions  

of t h e  apparatus, and from higher  harmonics r e su l t i ng  from the magnecic c i r c u i t  

i ron .  

inductances. 

parameters d id  not  exceed 1% at  frequencies of 20-500 cps. 

This makes i t  poss ib le  t o  dis- 

- i ne  apparation or' t h e  br idge  was eiiecked by iiieasiir~ag the smple c o i l  

It w a s  foiind t h a t  the  e r r ~ r  exitailed iz meascring t h e  s t m d a r d  

The mechanical impedance of t h e  converter ZM i s  r e l a t e d  t o  the  e l e c t r i c  

r e l a t i o n s h i p  which can be measured (Ref. 5 ) :  

L = (B, 1, r + Ba 1 2 )  I (Zu - Z:) ~ r r  1 2 ,  

where B and 1 represent t he  magnetic f i e l d  induction i n  a c i r c u l a r  a i r  gap and 

t h e  length  of t h e  c o i l  conductor (the let ter 1 r e f e r s  t o  t h e  dr iv ing  c o i l ;  2 - 

t h e  dr iven  c o i l ) .  

0 - n n p 1 - 1 1 ~  ----- --- 2 cnn-king, -r------ aep,ends nn frequency and temperature. 

R2 >> l Z v l ,  then r = 11/12 

Z; is the  eigen electric impedance of t h e  driven c o i l  which, 

I f  RA *- >> I Z f l ,  

R~/RA, where I1 and I2 represent  t h e  cur ren ts  

4 



B 
Figure 2 

P r inc ipa l  Electric Diagram of t h e  Apparatus 

R4 (0-11-111 ohms) andC4 (0-1.1111 mkf) 
Units of t h e  MDP bridge; R2 (104-105 ohms) - 
Magazine of non-reactive r e s i s t ances  MCB-49; 
C 3  = 
RA (103-105 o h s )  -Magazine of BC-2 re- 
sistances; SG - S G l O  Sonic frequency generator;  
T r  - Matching transformer; PA - preliminary 
ampl i f ie r ;  EO - EO-4 Oscillograph. 

mkf - KCO-5 type of mica condenser; 

passing through the  dr iv ing  c o i l  and t h e  driven c o i l ,  respec t ive ly .  In our 

case, R2 changes from lo4  t o  lo5 ohms, and RA changes from lo3 t o  lo5 ohms. 

lZvl  never exceeded 150 ohms, even i n  t h e  frequency region of the system 

mechmical resonance, and ! Z f !  - 70 ohms so t h a t  t he  above conditions are 

always f u l f i l l e d  . 
It is  necessary t o  completely brake the  mobile converter system i n  order  

t o  measure Z: d i r e c t l y .  I n  order t o  avoid t h i s ,  ZM is determined from two 

subsequent measurements of Zv car r ied  out a t  d i f f e r e n t  r (method I )  o r  a t  

d i f f e r e n t  c o i l  switchings (method 11). I n  t h e  f i r s t  case, w e  have 

z, = h " ( r ' - r r " ) / ( Z I , - z ; ) =  P / Z  . 
I n  t h e  second case we have 

2, = h ? - 2 r / ( Z r c - Z Z v ~ )  = K'/Ze. (2) 

The letter c designates t h e  matched switching; b ind ica t e s  the  

oppos i te  switching. I n  order t o  obta in  t h e  g r e a t e s t  poss ib le  accuracy, t h e  

d i f f e rence  between the  electric impedances t o  be measured must be made as 

5 



C 

Figure 3 

Electric Measuring System f o r  Determining 
ZM According to t h e  Third Method 

Poin ts  A, B, C correspond t o  t h e  same ones 
i n  Figure 2. 

l a r g e  as poss ib le  by t h e  appropriate s e l e c t i o n  of r. 

A method s imi l a r  t o  the  method f o r  determining t h e  mutual inductance /96 
coe f f i c i en t  may a l so  be used t o  determine t h e  mechanical impedance on a dual 

electrodynamic converter. 

removed, g rea t ly  complicating i t s  adjustment. Both c o i l s  which are connected 

In t h i s  case, t h e  c i r c u i t  bypassing t h e  bridge i s  

i n  series are switched on i n  t h e  measuring arm of t h e  bridge (Figure 3 ) .  The 

t o t a l  electric impedance of both c o i l s  i s  thus t h e  quant i ty  being determined; 

wi th  the matched switching, t h i s  equals 

Z, = Z: + 2; + (Bill + B J a ) ' / L  

and for t h e  opposite switching, t h i s  equals 

z, = 2; T zf;+ (B111:- B2zS)a/zM 

where ZE is  t h e  eigen e l e c t r i c  impedance of t h e  driving co i l .  

By subt rac t ing  the  second equation from t h e  f i r s t ,  w e  ob ta in  

(3) 2, = K' * 4/( z, - 2,) = K'/Ze. 

Checking the  Apparatus Operation 
Determination of K2 

The computational formulas are based on t h e  assumption t h a t  a l l  of t he  

mechanical elements of t h e  v ibra t ing  converter system a r e  connected a t  the  

6 



ohm-1 

Figure 4 

Dependence Be = f(m)u f o r  Three Frequencies. 

The l i n e s  obtained f o r  500 and 1000 cps i n t e r s e c t  t h e  
absc issa  axis a t  t h e  point m = 0, according t o  the  
equation Be = um/K2. 
Be axis of t h e  l i n e  obtained a t  100 cps is  propor t iona l  
t o  So/wK2; mO - t h e  eigen m a s s  of the  GMV mobile 
system. 
beginning of reading t h e  combined masses. 

The sec t ion  de l inea ted  on t h e  

The poin t  m - mo = 0 corresponds t o  t h e  

j o i n t s ,  i.e., i ts  equation of motion has t h e  following form: 

2; e ,pi + i (.*m - s,, ,/ .?), (41 

where g ,  m and S a  are t h e  f r i c t i o n ,  m a s s ,  and e l a s t i c i t y ,  respectively: 

u - t h e  angular frequency. If equation ( 4 )  i s  v a l i d ,  and s ince  Z, = 

= K2/Z, = K2(Ge + jB,), then Be = (wm - S,/w)/K2, o r  a t  l a r g e  frequencies 

Be 

_ _  

wm/K2; t h e  quant i ty  K2 can be determined from t h e  i n c l i n a t i o n  of t h e  l i n e  

Be = f ( rn)@ o r  Be = f (u )m ( a t  l a r g e  frequencies). Taking the  poss ib le  depen- 

dence of K2 on frequency i n t o  account, i t  i s  b e s t  t o  c a l i b r a t e  t h e  device by 

changing t h e  mass of t h e  mobile system. Figure 4 presents  t h e  dependences 

f o r  t h r e e  frequencies. It can be seen t h a t  t h e  experimental po in ts  l i e  

d i r e c t l y  on s t r a i g h t  l i n e s .  The increased scatter of t h e  poin ts  per ta in ing  

t o  t h e  frequency of 1000 cps ind ica tes  t h a t  when the  frequency increases, t h e  

accuracy with which the  m a s s  i s  measured decreases. 

7 



Figure 5 

I n  addi t ion  t o  K2, it  is  a l s o  poss ib le  t o  determine t h e  eigen m a s s  and 

e l a s t i c i t y  of the  mobile system from t h e  above dependences. 

following values: 

SO = (6.65 t 0.3)*106 dyn/cm. 

w a s  obtained. 

We obtained t h e  

K2 - (7.4 5 0.1)*104 ohms g/sec; mo = (3.37 5 0.3) g; 

The mobile system w a s  weighed, and mo = 33.9 g 

Experiments on s ta t ic  loading - S o  = 6 . 7 0 1 0 ~  dyn/cm. 

Figure 5 compares the  t h e o r e t i c a l  dependence of XM = wmo - S o / w  on 

It can be seen t h a t  t he  experimental po in t s  

A t  higher frequencies,  t he  scatter is  

frequency with experimental data.  

c lo se ly  follow t h e  curve up t o  200 cps. 

g r e a t e r ,  but i t  does not exceed 5%. 

Thus, t h e  r eac t ive  p a r t  of the mechanical impedance i s  co r rec t ly  deter- 

mined by equation (4). 

cons tan t ,  then a t  least i t  is  pos i t ive .  However, t h i s  p red ic t ion  is  only 

v a l i d  up t o  150 cps, while beyond t h i s  4 
and (3 )  -passes through zero and assumes a negative value (Figure 6). 

According t o  theory, i f  t h e  quant i ty  €$ is  not  /97 

- computed from equations (11, (2), 

One p o s i t i v e  f e a t u r e  of t h e  apparatus is the  p o s s i b i l i t y  of determining 

Ze = Re + jX,, and consequently %, by th ree  d i f f e r e n t  methods which con t ro l  

each ocher. d - 1  1 .-. 'I .L_ 1 - A .  __^^_ i n i s  conrrroi w a s  performed, anu snuweu C U U ~ L ~ L ~  a ~ ; ~ e e r u c u L  UCLW==LI 

8 
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Figure 6 

t h e  r e s u l t s  (Table 1). This ind ica tes  t h a t  t h e  anomalous frequency depen- 

0 
dence of RM is  caused by phenomena taking place i n  t h e  transformer i t s e l f ,  

but t o  no ex ten t  i n  the  measuring system. I n  our device, i t  i s  primarily 

caused(’) by p a r a s i t i c  cur ren ts  formed i n  t h e  aluminum frames of t h e  GMV-1 

c o i l s  which had not  been s l o t t e d  s u f f i c i e n t l y .  Due t o  t h i s  f a c t ,  t he  

electromechanical coupling coe f f i c i en t  became a complex quantity.  

TABLE 1 
~~~ ~~~~ 

v. cps I 
I 

-i,89 -1,885 

-0 63 -0.63 
-0,16 -0, I5 
-0,28 . -0,275 

-0 , i i  4 , i i  

0.00 
-1,89 
-0,iI 
-e,m 
-0.15 
-0,B 

I n  connection with t h e  f a c t  t h a t  t h e  mechanical losses  i n  rubber are com- 

p a r i t i v e l y  l a rge ,  i t  can be disregarded i n  t h e  frequency range where t h e  

anomaly 4 is  ins ign i f i can t .  This complication leads  t o  the  f a c t  t h a t  measure- 

ments above 300 cps become q u i t e  inaccurate. 

(2) The reasons f o r  and patterns of t h i s  phenomenon, as w e l l  as t h e  infor- 
mation on i t  i n  t h e  l i t e r a t u r e ,  w i l l  be examined i n  d e t a i l  i n  a 
sepa ra t e  a r t i c l e .  

9 
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Figure 7 

Determining the Material Characteristics 

If % is the converter impedance with the sample of material being studied, 

is the converter impedance without it, then the sample impedance is(3) 

If we know the sample impedance, we can determine the com- 

and 

ZM ZM - Z i .  

plex modulus of the material 

E* = ~ o D Z ,  saH=j~D(Ru s a +  jXy&, 

where D is the geometric coefficient of the sample. 

samples D = 41/nd2, where 1 is length, and d is sample diameter.(4) 

In the case of cylindrical 

If we s ~ ~ l o y  the heat model of "heivin-'v'oigt as the computational system, 

we obtain the follodng expressim f o r  t he  d y n d c  elasticity nsddus: 

E = uDXx and for the dynamic viscosFtg ccefficient - q = El?% 

The tangent of the mechanical loss angle tg 6~ = RM/XM does not depend 

on the sample coefficient, and can therefore be determined with greater accuracy 

than the quantities indicated above. 

The combination of the mechanical impedances of the system and of the 
sample in a unit correspond to the sample 
plunger and the mounting. 

In order to determine the elasticity modulus more accurately, it is 
necessary to introduce a correction for the end effects which allow for 
the influence of dry friction on the end faces of the sample, which 
ir.+-erfsrea ~ 5 t h  the  l a t t e r  beiilg L ' r r r l y  GeIurmeci in i'nese 

( 3 )  

located between the 

(4) 

cross sections. 

10 
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The measurement errors will be less when the sample impedance is great. 

However, in the case of very rigid samples, it is necessary to allow for the 

mounting impedance, which can be determined experimentally by attaching the 

plunger to the mounting, and t o  perform a computation employing the equiva- ~ 

I 
lent electric system shown in Figure 7. It is difficult to make an accurate 

determination of the mounting impedance. 
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